ABSTRACT This paper proposed a new crossbeam ultrasonic motor, which was made of a cross-shaped metal frame and eight pieces of lead zirconate titanate ceramic plates with a size of 10 mm × 3 mm × 1 mm. Two cross-cone-shaped horns were machined at two ends of the crossbeam, and the tips of the horns served as the driving feet. Ellipse trajectories of the two driving feet were generated by superimposing two orthogonal first bending vibrations with the same resonance frequency but a temporal shift of 90 • . A Symmetric structure of the proposed ultrasonic motor solved the problem of mode frequencies degeneracy. A new method to excite these two bending vibrations was proposed. Finite-element method simulation was developed to obtain the vibration characteristics of the crossbeam motor. The new excitation method was compared with the traditional one, and it was found that the vibration amplitudes of the driving feet under the new excitation method were about three times that of the traditional one. At last, experiments were accomplished on a fabricated prototype. The two tested first bending resonance frequencies agreed well with each other at ∼40.5 kHz. Mechanical output performance of the prototype was tested; the maximum speed was ∼64 r/min, and the maximum output torque was ∼10.4 mN · m. This paper provides a new idea for an ultrasonic motor with a miniature structure and also a new excitation method for bending vibration.
I. INTRODUCTION
Ultrasonic motors (USMs) have been widely used in many fields due to their special merits such as high energy density, high torque at low speed, short responding time, self-locking when power off and anti-interference of electromagnetism [1] - [4] . And these merits make USMs a suitable choice for miniaturization, which is greatly demanded in fields of precision machine, micro robot, space mechanism and MEMS [5] .
Ultrasonic motors can be divided into bonded type ones [6] - [9] and bolt-clamped type ones [10] - [13] according to the way that the piezoelectric elements connected to the stator. For further miniaturization of USMs, bonded typed motors are more suitable as the nonuse of the bolt brings in little restrict on the structure design. Generally, five basic vibration modes are commonly used in USMs: axial bending vibration of a ring [14] , [15] , radial bending vibration of a cylinder [16] , [17] , longitudinal [18] - [21] , bending [22] - [24] , and torsional [25] , [26] vibrations of a transducer.
Liu et al. proposed a rotary piezoelectric actuator using the third and fourth bending vibration modes, and five structural parameters were selected to gain their sensitivity of the resonance frequencies of the third and fourth bending modes. Based on the results of design parameters sensitivity of the bending resonance frequencies, the resonance frequency of the third bending mode was tuned to be the same with the fourth one with shorter horn, smaller horn tip, larger horizontal width and smaller vertical width [11] . Jun et al. proposed a hybrid transducer ultrasonic motor operated by the synthesis of torsional and longitudinal vibrations in the transducer, and the dimensions of the motor were commonly chosen to match the resonance frequency of the torsional vibration mode to the resonance frequency of the longitudinal vibration mode [20] .
USMs use the hybrid of two different vibration modes usually have difficulties in structure changes as their size parameters show different effects on the two resonance frequencies, thus the stator of the USM must be designed in special sizes. And a size error may degrade the performance of the motor.
However, the previous works stated that USMs used the composite of two same vibration modes had overcome this disadvantage by symmetrical structures; and the classic ring type traveling wave ultrasonic motor was a good sample. Chen et al. proposed a square-plate ultrasonic motor which worked in two orthogonal first bending modes; and the piezoelectric vibrator of the linear motor was a symmetrical square ceramic plate, thus there was no coupling problem, which brought convenience for further mass production of piezoelectric linear motors [9] .
In this paper, a crossbeam ultrasonic motor with miniature size is proposed. This motor makes use of bonded PZT ceramics to excite two first bending vibration modes that are orthogonal in space. The symmetrical crossbeam favors these two vibrations have the same resonance frequency, which solves the problem of mode frequencies degeneracy. A new excitation method is proposed based on the crossbeam structure, and the working principle is discussed. Calculation of the ultrasonic motor is accomplished to study the motion behaviors of the driving feet by finite element method. A prototype is fabricated and tested to verify the feasibility of the proposed structure and excitation method. Fig. 1 illustrates structure of the presented crossbeam ultrasonic motor using two first bending vibration modes. It consists of a crossbeam and eight pieces of PZT ceramic plates. The PZT ceramics are glued on eight side surfaces by epoxy resin adhesive respectively. Four steps are machined at the four corners of the crossbeam to help the location of the PZT ceramics. The two ends of the crossbeam are cutting into cone-shaped horns, which can amplify the vibration amplitude and velocity. Two cylindrical driving feet are located at the two ends of the two horns. The detail size parameters of the proposed motor are shown in Fig. 2 . It has a total length of 34 mm and a diameter of 11 mm, and the size of the PZT plate is 10 mm×3 mm×1 mm. 
II. MOTOR STRUCTURE

III. WORKING PRINCIPLE
The proposed crossbeam ultrasonic motor utilizes the composite of two first bending vibration modes to produce elliptical movements on the two driving feet. Fig. 3 illustrates the traditional excitation method of the bending by using the d 31 mode of the piezoelectric elements: two pieces of PZT plates are bonded on the upside and downside surfaces of a beam respectively, and they will vibrate in longitudinal modes with a temporal shift of 180 • when a sine voltage is applied, the extension of the upper PZT and the shorten of the lower one will cause positive bending while the extension of the lower PZT and the shorten of the upper one will result in negative bending. According to the excitation method shown in Fig. 3 , the polarizations of the eight pieces of PZT plates can be easily arranged, as shown in Fig. 4 , in which arrows are used to illustrate their polarizations. The PZT plates are divided into two groups, which are named as PZT-H and PZT-V separately. The four PZT plates named as PZT-H have the same polarizations, so as the PZT-V. When applying a voltage on PZT-H, the crossbeam will bend horizontally, and the vertical bending will occur if the voltage is applied on PZT-V. Thus, two first bending vibrations will be generated synchronously if sine and cosine voltages, whose frequencies are set as the motor's bending resonance one, are applied on PZT-H and PZT-V, respectively. The composite of these two bending vibrations can produce elliptical movements on the two driving feet. It should be noted that the polarizations of the PZT plates are also adjusted: the two upper ceramics in PZT-V are bonded on the beam with their negative electrodes while the positive electrodes of the two lower ceramics are used for the bonding, so as the PZT-H. Under this new arrangement, the two upper ceramics in PZT-V and the two lower ones will vibrate in longitudinal modes with a temporal shift of 180 • when a sine voltage is applied, which can produce a vertical bending of the crossbeam. The horizontal bending is generated similarly by PZT-H. It can be predicted that this new excitation method brings in no change to the resonance frequency of the first bending mode as it only alters the polarizations of the PZT elements. However, it may change the vibration amplitudes of the driving feet. These two excitation methods will be compared to find the more effective one in the following section.
IV. DESIGN AND ANALYSIS
Finite element method (FEM) is used to accomplish the design and analysis process. The material of the crossbeam is aluminum alloy (mass density ρ = 2810 kg/m 3 
where d, c E , and ε T are the piezoelectric matrix, the stiffness matrix and the dielectric matrix, respectively. The FEM model of the proposed ultrasonic motor was established by using ANSYS software, in which SOLID227 element was selected for the meshing. Firstly, modal analysis was finished by using Block Lanczos mode extraction method. The shapes of the two first bending vibrations are illustrated in Fig. 6 . Their resonance frequencies were calculated to be 39.470 kHz and 39.472 kHz, respectively; it was found that the traditional excitation method and the new one got the same frequencies. Theoretically, the symmetrical structure of the crossbeam will favor the two first bending modes have the same resonance frequency. The discrepancy of 0.002 kHz between the two calculated ones is caused by the minute unsymmetrical mesh in the FEM model. Then, sine and cosine voltages of 300 periods with effective value of 100 V and frequency of 39.471 kHz were applied on PZT-H and PZT-V separately to finish the transient analysis, in which full method was used. The traditional excitation method and the new one were calculated respectively. To observe the vibrations of the driving feet, four nodes were selected on each foot, as shown in Fig. 7 . For the simulation under new excitation method shown in Fig. 5 , the four nodes on the right foot are named as P1, P2, P3 and P4. To give a distinction, these four nodes are named as R1, R2, R3 and R4 for the simulation under the traditional excitation method shown in Fig. 4 . The motion trajectories in the last simulation period of the eight points are plotted and illustrated in Fig. 8 . Fig. 4 , these three displacements decrease to be about 2.5 µm, 2.5 µm and 0.54 µm, respectively. Thus, the vibration amplitudes of the driving feet achieved by the proposed excitation method are nearly three times that of the traditional one, which verifies that the new excitation method is more effective in bending excitation. Fig. 8 also states that the transverse displacements of the foot are larger than the axial one. The vibration amplitudes of selected nodes along OZ direction are only about 22% that of the OX and OY direction ones. This phenomenon demonstrates that the vibrations in XOY plane are more suitable for the actuating.
V. EXPERIMENT AND RESULTS
A prototype was fabricated under the new excitation method, as shown in Fig. 9 . Firstly, its input impedance characteristics were tested by Precision Impedance Analyzer (4294A). The scanning frequency was set from 37 kHz to 45 kHz; and the input impedance curves of the two first bending vibration modes were gained, as shown in Fig. 10 . The equivalent circuit parameters were also obtained, as listed in Table 1 . And the Mode-A and Mode-B represent the horizontal bending mode and vertical bending mode respectively. Then, the electromechanical coupling factor k was calculated as follow:
where C 0 , C m , R m and L m were the clamped capacitance, the dynamic capacitance, the dynamic resistance and the dynamic inductance, respectively. In this work, series matching inductance L was used to improve mechanical performance. The calculate formula of series matching inductance is as follow: Fig. 10 states that the resonance frequencies of the two first bending modes are tested to be 40.32 kHz and 40.48 kHz respectively, which have a discrepancy of 0.16 kHz. This difference is mainly caused by the errors occurred in the machining and assembling process. The tested frequencies are larger than the calculated ones of the FEM with about 1 kHz; the change of the boundary condition is the main reason caused this increase. Free boundary condition was set in the FEM model, while the prototype was clamped with two holders during the test. Then, we used Scanning Laser Doppler Vibrometer (PSV-400-M2, Polytec, Germany) to test the prototype as it provided the vibration mode shape and the resonance frequency visually and simultaneously. Fig. 11 illustrates the measurement methods for the two bending vibration modes. To test the horizontal bending vibration, PZT-H were connected with the output excitation signal of the vibrometer, while the side surface of the prototype was selected as the test region; PZT-V were connected with the output excitation signal and the upper side surface was selected as the test region during the measurement for the vertical bending mode. The tested vibration mode shapes and the corresponding vibration velocity curves versus frequency are shown in Fig. 12 .
The tested vibration mode shapes shown in Fig. 12 (a) and (b) indicate that two orthogonal bending vibrations with two wave nodes and three wave loops are generated, which are in good agreement with the two first bending modes shown in Fig. 6 . It also can be clearly recognized that the two holders clamp the ultrasonic motor at the two wave nodes separately; this fixing will bring in weakest effect on its vibration. Fig. 12 (c) and (d) show that the two resonance frequencies of the horizontal and vertical bending modes are tested to be 40.58 kHz and 40.62 kHz, respectively. As there is only a discrepancy of 0.04 kHz between the two frequencies from the vibrometer, both the two first bending vibrations can be generated effectively under the same excitation frequency. It should be noted that these two values are a little higher than the ones obtained by the impedance analyzer, which can be explained as that the two instruments accomplish the measurements under different voltage.
The experiment setup for the mechanical output performance measurement is shown in Fig. 13 . The motor was fixed on the base by two holders, and the bending wave nodes were selected as the clamped points between the holder and the motor. Two rings supported by bearings were pressed on the two driving feet separately to serve as the rotors. Surely, the proposed crossbeam ultrasonic motor can also be used for linear actuating, just need to replace the two bearings with two linear guides. Fig. 14 shows the tested relationship between the output torque and speed under sine and cosine excitation voltages with effective value of 100 V and frequency of 40.5 kHz. The prototype achieves a no-load speed of 64 r/min and a maximum output torque of 10.4 mN·m.
Park et al. proposed a bonded type ultrasonic motor with a brass-PZT square structure, which also used two first bending vibration modes [27] . And the performance of the ultrasonic motor is shown in Table 2 . Compared with the proposed ultrasonic motor in our paper, the power density of the two ultrasonic motor is comparative, whereas the torque density of our ultrasonic motor is about 5 times that of the one proposed in literature [27] .
VI. CONCLUSION
A bonded type ultrasonic motor using the bending of a crossbeam was proposed, analyzed, fabricated and tested in this work. Eight pieces of PZT plates were bonded on an aluminum alloy crossbeam to form the proposed USM. Elliptical movements of two driving feet were generated by the composite of two first bending vibration modes that were orthogonal in space. The symmetrical structure of the crossbeam solved the problem for the resonance frequencies' degeneracy, which favored that its dimensions can be adjusted easily. A new method for the bending excitation was proposed and discussed; the vibration amplitudes of the driving feet under this new method was three times as large as the traditional excitation method. A prototype with length of 34 mm, diameter of 11 mm and weight of 5 g was fabricated and tested. The proposed crossbeam USM achieved a no-load speed of 64 r/min, a maximum output torque of 10.4 mN·m under a working frequency of 40.5 kHz. 
